A method is proposed for the identification of the inertial parameters of a free-flying robot directly in orbit, using accelerometers. This can serve to improve the path planning and tracking capabilities of the robot, as well as its efficiency in energy consumption. The method is applied to the identification of the base body and of the load on the end-effector, giving emphasis to the experimental design. The problem of the identification of the full system is also addressed in its theoretical aspects.
Introduction
Applications for free-flying robots in Earth orbit in the near future will involve complex tasks, such as maintenance and repair, on-orbit assembly, refueling and debris removal. These tasks will necessarily require a high system performance, in terms of reliability, efficiency and safety. Although teleoperation has been to date the only operational mode applied to such systems, shared and eventually full autonomy is a common development goal, as for example for the planned DLR technology demonstration experiment TECSAS (see Fig. 1 ).
This paper discusses the particular problem of identifying the inertial parameters, namely the mass, centre of mass position and inertia, of a free-flying robot and its load. The identification of the parameters of the base body (spacecraft) is first considered, where those of the remaining bodies, constituting the robot, are assumed given. Attention is then given to the opposite problem of identifying the inertial parameters of a load attached to the end-effector, where those of the base body and the robot arm are assumed known. Finally the problem of identifying the parameters of the whole system is addressed in its theoretical aspects.
The points which are addressed for the specified problems are as follows. Firstly, the experiment design for determining optimal exciting maneuvers for a free-floating robot is addressed, as this was pointed out in [1] as an open problem. Note that this is an important point because of the limited operational speed of the robot (for the ETS-VII experiments [2] a maximum endeffector velocity of 50 mm/sec. and 5 deg./sec., for the translational and the rotational components respectively, was allowed) and because of the particular base body dynamics.
Another open issue is the identifiability of the parameters, when those of the full system what to be identified. This problem reduces to determining the base inertial parameters for a freefloating robot.
A novel approach to the particular identification problem presented here, includes an analysis of the use of accelerometers to perform the identification, in terms of their applicability in orbit as well as their sensitivity requirements.
In this paper, only the inertial parameters defined above are considered for the identification problem. Joint dynamic parameters are conveniently eliminated by the use of rheonomically driven joints in the dynamic model. The inertial parameters of the robot arm can be assumed to be known from CAD data, generally to 5% accuracy. Other parameters, such as those of the load, may have a large error (up to 100% or more). The method developed is applied in simulation to a three dimensional model with a six-degree-of-freedom manipulator and results are given based on such simulation and on the experience gained with the Getex experiments performed on the ETS-VII satellite in 1998 (see Fig. 1 ).
Motivation for the identification of the inertial pa-
rameters There are further considerations to make relative to the identification of the inertial parameters of free-flying robots. As already mentioned, robot motions in space are generally slow, due to restrictions on the base body reaction. As a first consequence of this, orbital disturbances become important in the correct description of the robot dynamics. Secondly, inertial parameter identification seems to be of little importance, since dynamic effects are small and should be easily dealt with by the controller. However, after noting the distinction between free-flying and free-floating robots in ones with actuated and non-actuated base body respectively, the two following points should be considered:
-the mapping between joint space and inertial (task) space of a free-floating robot is inertial parameter dependent; -the aim of operational methodologies is to minimize the control effort of the base body, since fuel is in space a nonrenewable and expensive resource.
The following considerations then apply to the implementation of free-flying robot motion planning and control methodologies, in the presence of inertial parameter uncertainty.
Path planning issues
Since the mapping between joint space and inertial space, where tasks are generally defined, is inertial parameter dependent, any path planning strategy which works in joint space, to the great advantage of avoiding dynamic singularities, but which is based on a desired final end-effector state and must satisfy given collision avoidance constraints, usually defined in inertial space [3] , will derive erroneous solutions arising from the parameter uncertainty.
The only way to avoid this problem, is to implement a taskspace controller, i.e. to use sensor information from a reference in task space. The path tracker will then follow a path planning solution expressed in task space, diverging from its representation in joint space. This however will generally not be optimal for the given task and the true robot dynamics.
This argumentation comes to the conclusion that if path planning methods want to be used efficiently, inertial parameter identification has to be performed before any operational phase. If not, the solution will have to be tracked in task space and will not be optimal.
Control issues
For the free-floating case, due to its nonholonomic nature, the control could be rather difficult to implement, if attention also needs to be given to the redundant degrees of freedom, in practice those of the base body, for purposes such as collision avoidance. In fact, the free-floating dynamics is such that the final state of the redundant degrees of freedom is path dependent. Therefore any undesired motion of the base would need to be corrected with complicated nonholonomic motions of the robot. The alternative to this problem is to actuate the base body, which again could result to be a suboptimal solution to the given problem.
Moving further into the control issue, let us assume that the suboptimal solution found by the path planner is acceptable for our purpose. The path tracker then has to follow the given solution in task space. If adaptive control is implemented then the tracking error can be proven to be asymptotically stable but the parameter error will only be so in case persistent excitations are being performed by the robot (it is otherwise only bounded) [4] .
This holds for the implementation of computed torque control with uncertainty and adaptation, in joint space. An adaptive control method has been developed for the free-floating case (although only 2D) in inertial space by Gu and Xu [5] . This can work correctly for tracking a desired path, but as explained above, this path will only be optimal if the inertial parameters are equal to those of the real system.
Literature review
The problem of parameter uncertainly or parameter drift has been tackled in the context of adaptive control by [5] , [6] and [7] . The first addresses the problem of the identification of the param-eters of the robot-spacecraft system, in attitude controlled mode. The robot is modeled in joint space, for which it is shown that the unknown inertial parameters appear linearly. The authors, however, recognize the necessity to perform the identification before tracking any path in joint space and the need for persistently exciting inputs to determine the real parameter values.
The second [5] develops an "extended robot" model for the free-floating case, for which the inertial parameters also appear linearly. An adaptive control scheme is then developed based on the normal form augmentation approach but is applied to a twodimensional example only. Furthermore, the method relies, for the linear parameterization, on the measure of the base body position, velocity and acceleration, although it is not specified how this information is obtained. The third article [7] removes the necessity to measure the acceleration of the base body and suggests a two layer control system: one which carries out the identification (using the methods suggested by [5] ); the other, on the base of the identification results, performs the tracking. The method is applied to a two-dimensional example, where reference is given to the use of exciting frequencies to determine persistently exciting inputs.
An off-line identification approach has also been developed in [1] and in [8] , who apply the linear least squares identification method to the equations of a two body system (one joint), for which only the parameters of one are known. The identification problem is also addressed in [9] , where that of the whole system is considered, with application to the realistic case of the ETS-VII satellite (however only part of the parameters is identified, by only using the conservation of angular momentum). In none of the above examples is the problem of exciting maneuvers addressed in detail, especially not for the three-dimensional case, nor are the limitations of the identification of the whole system explained.
Parameter identification of ground robots has been extensively addressed, as for example by [10] and [11] . [10] develops a method based on the regressor matrix, minimizing its condition number to arrive at an optimal identification trajectory. No insight is given, however, on the design of the excitation maneuvers. In [12] it is argued that a correct treatment of noise is mandatory for efficient identification. An excitation-trajectory optimization method is therefore proposed, within a stochastic framework, which also minimizes the parameter uncertainty. However, in order to make use of an implementation in the frequency domain, the excitations are multi-periodic. This could give rise to the excitation of the flexible appendages and fluid elements of the free-floating robot and are as such not thought adequate. The experiments are reported in some detail in [2] .
The main disturbances can be easily recognized when writing the equations of motion for the rotational dynamics of a gyrostatic body as follows [13] :
In this equation ω bI is the angular velocity of the satellite reference frame relative to the inertial frame on ground, I is the inertia tensor of the satellite with respect to its centre of mass and h rw that of the reaction wheels with respect to the satellite. Also N gg represents the gravity gradient torque. From Eq. (1) it can be seen that the gravity gradient N gg , the residual angular momentum of the reaction wheels h rw and the non-zero initial angular velocity of the satellite give rise to the drifting motion of the satellite found in the experimental results, shown in Fig. 2 . The figure shows an example of the drift found in the experimental data, for a set of maneuvers performed on the free-flying robot while the attitude control of the spacecraft was switched off. Note that the robot motion was extremely limited, for operational safety and that the robot mass was a lot smaller than that of the satellite. Therefore, the disturbance of the base body motion was very small. The graph also indicates the fact that the simulated model gives rise to some discrepancy between the measured and the simulated data. This fact motivated the current work.
Furthermore, the assumption which is often made in deriving models for free-floating robots for simulation or control purposes, for which the system can be considered to be free of any external actions, is a rather strong one. This is even more so in the context of parameter identification, where modeling errors of such kind could be determinant. It is for this reason that the dynamical equations of motion, rather than their first integral representation, are used here for the identification. The equations of motion of a free-flying robot with rheonomically driven joints are now described (see [3] for more details). Consider the multibody system depicted in Fig. 3 , composed by rigid bodies connected by revolute joints. The inertial frame of reference {O I , e I } is initially taken to be in the Earth centre. This choice is dictated by the fact that the equations of motion are only valid when referenced to an inertial frame. Since the orbital frame is an accelerating frame, it usually cannot serve for this purpose. Therefore, the quantity r i , shown in Fig. 3 , refers to the orbital position vector of body i and is clearly function of time. Also, the configuration of the i th revolute joint, whose rotation vector is u i , is described by the variable θ i , which is measured relative to an arbitrary initial reference robot configuration.
Equations of motion of a free-flying robot
The spatial equations of motion of the system can then be written, using the Newtonian-Eulerian formulation, as follows (kinematics are omitted for brevity, but details of the dynamic derivation will turn useful in the next section): Dynamics:
Constraints:
where r The equations of motion are resolved in the inertial frame {O I , e I }. Furthermore, the independent position state space variables are chosen to be
where superscript 0 refers to base body quantities, φ 0 is a column matrix (3 × 1) containing three attitude parameters (such as Cardan angles) and θ = [θ i ].
The equations can be further modified to the advantage of the parameter identification, by expressing the joint motion as rheonomically driven, rather than acted upon by the motor torques. The result of this is that the equations are independent of any details of the modeling of the joints (in particular friction) since the rheonomic term itself expresses all these in terms of predefined motion variables (θ,θ andθ). These can be obtained from measurement and as such be used for the identification of the inertial parameters which are of interest here.
It follows that the equations of motion become
In Eq. (7) χ is a linear function ofθ and Λ 0 contains the sum of all external actions acting on the base body. Furthermore, matrix M and vector C represent the mass matrix and the apparent terms respectively.
Orbital multibody dynamics model
The equations of motion described in the previous section are only valid in an inertial frame of reference. It is evident though that the orbital frame is not inertial as it accelerates around Earth. In order for the equations of motion to be valid, they should be referenced to the Earth frame, which for our purposes could be assumed to be inertial. This is however impractical and it is necessary to eliminate the dependence of the equations on an accurate measurement of the orbital radius.
The left hand side of Eq. (2) is expressed using the relative derivative form (left superscript 'b') as follows:
Note that acceleration measurements of the spacecraft will consist of measures of br 0 , necessarily taken about its body frame. The centrifugal and the tangential terms on the right hand side of the equation shows that the measurement of vector r i is in principle necessary. The motion of the system can then be decomposed as follows (c.f. Eq. (2)):
Vectors R i and ε i represent the reference orbital component and the additional component induced by the robot motion and orbital disturbances respectively. An approach which is often used in the context of spaceflight dynamics, for the derivation of the relative motion between two spacecraft is that, for small orbital distances, the gravitational force can be expressed as a Taylor series expansions with respect to some reference point function [14] . Eq. (10) can first be expressed as
where vector g i is the gravitational force on body i, equal to −m i (µ/r i 2 )r i , r i being the modulus of vector r i and µ is the standard gravitational parameter of the Earth. When we expand this expression in a Taylor series about the point function for the base body, −m 0 (µ/R 0 2 )R 0 , we obtain, for the multibody system,
having omitted all terms of order higher than ε 2 and where G i is the gravity gradient dyadic, given by the expression:
R 0 is the modulus of vector R and u is the unitary dyadic.
The first term on the right hand side of Eq. (12) can be eliminated together with the first term on the left hand side (note that this holds for any orbital eccentricity). The second term instead accounts for the distribution of the multibody system mass about the centre of mass of the base body in the gravitational field. Each ε i can be expressed in function of ε 0 , relative to the first body, and of the geometrical quantities of the multibody system.
What is important to note is that the dependence of the equations on the orbital radius has now reduced to that in the gravity gradient dyadic expression, Eq. (13). However, a simple sensitivity analysis shows that an error in the measurement of R 0 of 1 km gives rise to an error in the torque of the order of 1e-6 Nm. Current orbital position measurement technology can do much more than that, as for example the Global Positioning System, for which precision of up to 1 m can be achieved. The resultant error in the gravity gradient expression can then be neglected.
Finally, end equations are:
where
The new state space variables can be taken to be
having expressed the vector quantities in the orbital frame. For the derivation of the equations of motion, Eq.s (14)- (15) then substitute Eq.s (2)-(3) in section 2.2. The use of accelerometers is then possible and necessary for the measurement of the quantityε 0 , as shown later.
Statement of the identification problem and method of solution
The parameter identification is separated into the following specific problems: -problem 1: solve for the inertial parameters of the base body (or spacecraft); -problem 2: solve for the inertial parameters of the load on the end-effector; -problem 3: solve for the inertial parameters of the whole multibody system.
The excitation aims at maximizing the base body motion with suitable robot maneuvers and to using the measurements of the base body motion for identification.
The identification problem is written as a nonlinear leastsquares problem, based on an integral model of the equations of motion, as will be described shortly.
Each of the terms in the equations of motion (7) can be shown to be linear in the inertial parameters, or of linear combinations of them, more specifically:
for n bodies. This leads to the possibility to express the equations in the form
where Φ is generally termed the regressor matrix and vector Λ 0 represents the external forces on the base body, defined in equation 7. This gives rise to a standard linear estimation problem, the solution of which is then represented by a pseudo-inverse of Φ. Generally speaking, the methods derived for example by [10] can then be applied to reduce the condition number of the regressor matrix Φ as much as possible. Note, however, that the right hand side is (nearly) zero, therefore the problem is badly posed. In order to use this method, the omission of rheonomically driven joints would be necessary, reintroducing the joint torques and the friction parameters as unknowns into the problem. An alternative method can be defined as follows, based on a least squares approach applied to the integral of the equations of motion:
In Eq. (21) N is the number of experimental data points, collected in vectorsȳ II i exp , while in Eq. (22) t f is a generic final time of the excitation maneuver. Clearly, parameter p will relate to the base body for problem 1, to the load for problem 2 and to the whole system for problem 3.
Base inertial parameters of free-floating robots
with revolute joints In the case of problem 3, the vector of unknown parameters ideally contains the inertial parameters for all the bodies of the system, i.e. p 3 = [m 1 m 1 r 1 I 1 m 2 m 2 r 2 I 2 ...] T . These must be reduced to the base inertial parameters.
The base inertial parameters are important in the identification procedure when the method described by Eq. (19) is used. In fact, with these parameters the resultant regressor matrix is non-singular for any state of the system. This is because the base parameters are linearly independent and all of them contribute to the system dynamics.
A description of the base parameters for a free-floating robot with revolute joints, based on the rules provided in [15] for a fixed based robot, follows. Of the classical inertial parameters given in Eq. (18), some generally result to have no effect on the dynamic model, or result to be linearly dependent.
For the parameters which have no effect on the dynamic model, the condition is that the column of the regressor matrix Φ which multiplies the given parameter, contains all zeroes. The rules given by [15] for these parameters are here modified according to the free-floating case:
1. There are no parameters having no effect on the dynamic model, since generally all links are free to translate and rotate in inertial space, in all directions. Therefore all parameters contribute to the dynamics. This is proven by observing the regressor matrix deriving from the equations of motion of a free-flying robot which include the torques at the joints (i.e. skleronomically driven).
Regarding the linearly dependent parameters, the result found by [15] , by which a revolute joint reduces the number of independent parameters by three, also applies to the free-floating case, as it is based on link energy considerations, independently of the constraints on the base body of the robot. As a result:
2. Some parameters are linearly dependent, in the same way as for a fixed-based robot. A revolute joint reduces the number of independent parameters by three.
The two rules are described by an example of a two joint free-floating robot (no base body actuation). For such a system, the equations of motion can be written as
and Λ joint represents the torques applied at the joints. After a QR decomposition of the regressor matrix Φ f f , it follows that the number of independent parameters is (30-6)=24, what we call here K 1 . The resulting base inertial parameters can be written in a vector array, K B . These parameter can be identified as discussed in the previous section. Furthermore, following [15] , an expression can be written relating the parameters K B to the independent and the dependent parameters K 1 and K 2 , as
where β is a constant matrix. From the knowledge of K 2 , K 1 clearly follows after the identification of K B .
Degree of excitation
It is proposed here that the degree of excitation of a maneuver is related to the amount of base body motion. Robot maneuvers are hence sought which maximize the base body motion, within the allowed bounds. This approach can be justified with the following argumentation. The cost function for the identification problem is given by Eq. (21). The condition of extremum, which provides the optimal solution, is then given by the equation
where m is the number of parameters to be identified. Its solution
From this is follows that the single derivatives of the state vectorȳ II with respect to the parameters are weights for the errors between the estimated and measured values. The greater these weights, the greater the accuracy in the solution for which the errors are zero. The derivatives, which are in effect sensitivities of the states with respect to the inertial parameters, need to be as large as possible.
Consider then a single mass m being acted upon by a force F, whose equation of motion is simply mẍ = F. It follows that the sensitivity of the output variableẍ is given by dẍ dm = −F/m 2 . It is then evident that a greater value of F will give rise to a greater sensitivity, what is useful for the purpose of the identification. This argument also holds for the integral form of this simple differential equation and therefore illustrates a physical property of mechanical systems, which justifies our excitation strategy.
Experimental procedure
The method consists in an iteration of the following operations:
-planning of optimal maneuvers with a simulation model and with guessed (or updated) parameters; -execution of the optimal maneuver on the real system, with data acquisition; -identification with a simulation model with update of the parameters.
Exciting maneuvers
The first part is intended for planning the maneuvers for optimal excitation of the base body. An initial guess is given for the inertial parameters which are to be identified. With this initial guess, the algorithm determines an optimal exciting maneuver. In order not to damage any components of the system, the initial guess should be made conservative, such that the motion which will be executed by the real system will not be excessive.
The cost function for this algorithm is defined as
where the subscript max relates to the maximum absolute value of the individual components y I i of vectorȳ I (1 ≤ i ≤ 6) during the maneuver. The cost function is formulated in such a way that large differences between the states y I i penalize its absolute value. Furthermore, for optimal excitation, the function is maximised in function of parameters q, to be defined below. The excitation function parameterization is perhaps a key element of the procedure and is derived here from physical intuition. In order to excite all degrees of freedom of the base body, the first three joints of the robot are used, which usually constitute its shoulder and as such determine its greatest displace-ments. Hence, each of the joint motions, parameterized in time, is defined by the following equation
where the two parameters q i 1 and q i 2 appear for the amplitude of the oscillation and the initial position at which the oscillation takes place. An extra spline connects the initial state of each joint to position q i 1 and similarly for the inverse motion after the sinusoid. The frequency of the oscillation is dictated by ω e . The remaining joints should be positioned such as to have the robot in the extended position. As conclusion, q = [q 1 1 q 1 2 q 2 1 q 2 2 q 3 1 q 3 2 ] T
Identification
The found solution to the first part is then executed on the real system (here only simulated on a system with parameters corresponding to the sought ones) and data is recorded. The second part of the identification then, finds a better guess to the unknown parameters. The cost function is simply given by Eq. (21).
Results
The nonlinear least square problems defined by Eq.s (21) and (26) was solved as an optimization problem with the Sequential Quadratic Programming method. All quantities are expressed in SI units.
Problem 1: base body parameter identification
The ETS-VII inertial parameters were taken as a first example, for which the base body parameters are the following: m base = 2645. . Such choice can very well be dictated by inspection of the robot kinematics and in order to favor an extensive robot motion. The joint limits were set to ± π/2 rad.
For the first part of the procedure, the found solution to the excitation problem was found to be: q = The inclusion of the gravity gradient into the equations of motion is found to be very important for the second algorithm, adding to the accuracy of the solution. Note that the value used for the orbital radius was taken as that of a Low Earth Orbit of altitude 538 Km, such that r = 6916 Km.
The method was also found to adapt very well to systems with different mass distributions, for example such that the mass ration between the base body and the robot is increased to 1/7, from 1/25 of the ETS-VII. 
Problem 2: load parameter identification

Treatment of noise and sensor precision
The inclusion of noise has already been treated in [16] , where a noise with average standard deviation σ = 0.04 was introduced in the simulated experimental data signals (note that the noise on the ETS-VII measurement data was found to be σ = 0.009). An error on the resulting solution of 2% derived from this, after suitable treatment of the data (filtering and polynomial fitting). A similar error can be expected for the three dimensional case after the same procedure is adopted to the data. However, this has not yet been verified. Furthermore, the joint measurements, which consist of position measurements, need to be differentiated twice to obtain their velocity and acceleration equivalents. This procedure can also be improved with filtering techniques [15] and with the use of position and torque sensors at the joints. However, the use of rheonomically driven joints eliminates the necessity for joint torque measurements, which are known to be much more noisy than position measurements [12] . The accelerometer signal must be integrated to obtain the required velocity input. The effect of this procedure was not yet analyzed.
The precision of the sensors is also very important for the results. The results given above have been performed with computer precision. Clearly this is only ideal. However, typical precision for rotational velocity measurements can be up to 2 arcsec [16] , if a star sensor is available on board. Regarding translational acceleration, sensors are available for 10e − 5 and up to 10e − 9 ms −2 precision, but perhaps only at very large costs.
Conclusion
Firstly, the paper shows the possibility to perform inertial parameter identification directly in orbit, by eliminating the need for inertial measurements from ground. This in principle allows the use of accelerometer measurements in the identification model. The necessity to perform identification of the inertial parameters has been motivated with a detailed analysis. The necessity to know part of the system parameters for identification of the whole system has also been described, by deriving the base inertial parameters of a free-flying robot. The choice of the dynamic model to perform the identification has been described in terms of realistic modeling necessity, deriving from the experience gained with the ETS-VII satellite experiments.
Secondly, a physically intuitive experimental design strategy was proposed, which is novel to the application in question. The excitation strategy is efficient and versatile for any load on the robot end-effector. The method has been applied to a threedimensional model within simulation and with insight gained from the past experimental experience.
